Most of the energy that is introduced into the oceans by photosynthetic primary producers is in the form of organic matter that then sustains the rest of the food web, from micro to macroorganisms. However, it is the interactions between phototrophs and heterotrophs that are vital to maintaining the nutrient balance of marine microbiomes that ultimately feed these higher trophic levels. The primary produced organic matter is mostly remineralized by heterotrophic microorganisms but, because most of the oceanic dissolved organic matter is in the form of biopolymers, and microbial membrane transport systems operate with molecules <0.6 kDa, it must be hydrolyzed outside the cell before a microorganism can acquire it. As a simili of the marine microbiome, we analyzed, using state-of-the-art proteomics, the exoproteomes obtained from synthetic communities combining specific Roseobacter (Ruegeria pomeroyi DSS-3, Roseobacter denitrificans OCh114, and Dinoroseobacter shibae DFL-12) and Synechococcus strains (WH7803 and WH8102). This approach identified the repertoire of hydrolytic enzymes secreted by Roseobacter, opening up the black box of heterotrophic transformation/remineralization of biopolymers generated by marine phytoplankton. As well as highlighting interesting exoenzymes this strategy also allowed us to infer clues on the molecular basis of niche partitioning.
particulate organic matter that can then be used by the numerous heterotrophic microorganisms present in the water column [5] [6] [7] . Heterotrophs will remineralize most of this primary produced organic matter, recycling essential elements like nitrogen, phosphorus, and trace-metals within this nutrient-poor ecosystem [8, 9] , thereby determining the nature and quantity of carbon and nutrients that sink to the deeper layers of the ocean.
Most of the oceanic DOM is in the form of biopolymers that must be hydrolyzed outside the cell before a microorganism can acquire them, because transport systems operate with molecules smaller than 0.6 kDa [10] . Hence, exoenzymes or ectoenzymes (those attached to the bacterial cell envelope) play an essential role in biopolymer hydrolysis and initial processing [11, 12] . There have been several attempts to characterize enzyme activities in natural marine systems by use of fluorescently labeled compounds (e.g. see [12] [13] [14] ) but unfortunately most of the enzymes that carry out these vital functions remain to date unidentified. Microbial secretion of proteins is a universal phenomenon that allows microbes to modify or otherwise influence their community and environment. Therefore, we can infer an organism's ecological strategy and its function within the environment by analyzing its secreted proteins [15] . Exoproteomics is the large-scale study of extracellular proteins of a biological system. Interestingly, up to 35% of bacterially encoded genes are predicted to encode proteins secreted from the cell, including membrane-linked proteins (e.g. membrane transporters, ectoenzymes, or motility proteins) that can easily be lost by the cell and found in the exoproteomic fraction [16] . The exoproteomes of human pathogens and soil microorganisms such as fungi have been characterized to some extent, but those of free-living marine organisms remain largely untapped.
Proteomic analyses of cell fractions of two different Roseobacter strains (an abundant and widespread group of marine heterotrophs) has previously been reported, focusing on Ruegeria pomeroyi DSS-3 and Phaeobacter inhibens DSM 17395 [17] [18] [19] . We previously documented the first exoproteomes of the Roseobacter clade, showing that a large fraction of their exoproteome is involved in active membrane transport for scavenging utilizable sources of carbon and energy, but motility and toxin-like proteins were also detected in abundance [15, 20, 21] . In these experiments, Roseobacter cells were grown on "easily assimilated" substrates (i.e. succinate or hydrolyzed polypeptides). Recent work on the exoproteomes of the picocyanobacteria Synechococcus, one of the major marine primary producers in the oceans [4] , showed an elevated leakiness of cytoplasmic polypeptides that could well support heterotrophic growth [22] . Despite living in nutrientdepleted environments, picocyanobacteria have proven to be leaky organisms per se, whether by cell lysis or via the release of numerous extracellular vesicles [23] . The leaked cytoplasmic polypeptide fraction was strongly reduced when Synechococcus was co-cultured with a heterotroph (i.e. R. pomeroyi DSS-3) and, moreover, the presence of Synechococcus had an inducing effect on the exoproteolytic activity of the Roseobacter strain [22] .
The main aim of this work was to document the repertoire of exoenzymes produced by Roseobacter strains that break down large-size biopolymers produced by the naturally co-occurring marine photoautotroph Synechococcus for its own assimilation. We first analyzed the exoproteome of R. pomeroyi DSS-3 when grown with two different Synechococcus strains WH7803 and WH8102. Secondly, we compared the exoproteomes of three different Roseobacter strains in the presence of Synechococcus sp. WH7803. These synthetic systems, mimicking natural marine communities, revealed an interesting array of extracellular enzymes that provide new insights into the relevant biological processing of DOM by the marine microbiome.
Materials and methods

Bacterial strains and growth conditions
Marine Synechococcus strains WH7803 and WH8102 were grown in ASW medium [24] at 22°C, 140 rpm, with a light intensity of 10 mol photons m −2 s −1 . The three Roseobacter strains Ruegeria pomeroyi DSS-3, Roseobacter denitrificans OCh114, and Dinoroseobacter shibae DFL-12 were routinely grown in marine broth (Difco) at 28°C. Roseobacter cultures were grown to early-stationary phase and washed three times in ASW prior to co-inoculation with Synechococcus. Roseobacter-Synechococcus co-cultures were grown in optimal conditions for the photoautotroph as described above. In experiment 1 we co-cultured Ruegeria pomeroyi DSS-3 with two different Synechococcus strains WH7803 and WH8102, whereas in experiment 2 we co-cultured the three different Roseobacter strains with Synechococcus sp. WH7803 (Table 1) . Cell counts of Synechococcus were performed by flow cytometry (BD FACScan) counting a minimum of 1000 cells. Roseobacter strains were counted by colony forming units on marine agar (Difco). Three biological replicates were performed for all experiments. Incubation times and cell counts at inoculum and harvest of each co-culture experiment 1 and 2 is indicated in Table 1 . To monitor the production of PaxA (an abundantly detected RTX-like toxin, see [20] ), R. pomeroyi DSS-3 was also grown in ASW and autoclaved seawater (Sigma) plus supplements.
Preparation of exoproteomes, trypsin in-gel proteolysis, and nano-LC-MS/MS analysis
The milieu containing the secreted proteins of the different co-cultures was obtained after removing the cells by centrifugation (3000 g for 15 min at room temperature) and subsequent gentle filtration through 0.22 m pore size filter units (Sterivex-GV, Millipore). Proteins in the remaining milieu were concentrated and purified by precipitation with trichloroacetic acid and separated using SDS-PAGE as previously described [20] . The equivalent of 40 mL of milieu (concentrated in 20 L) was loaded onto a 10% Tris-Bis NuPAGE gel (Invitrogen) and SDS-PAGE was carried out using 1X MOPS solution (Invitrogen) as the running buffer. Exoproteomes were run in short gel migrations (3 mm) for subsequent shotgun proteomics analysis. Polyacrylamide gel bands containing the entire exoproteome were cut and processed for in-gel proteolysis with trypsin (Roche) as previously described [25] . Nano-LC-MS/MS experiments for experiment 1 (Table 1) were performed using an LTQ-Orbitrap XL hybrid mass spectrometer (ThermoFisher) coupled to an UltiMate 3000 LC system (Dionex-LC Packings) using conditions previously described [26] . Nano-LC-MS/MS experiments for experiment 2 ( Table 1) were performed with an Orbitrap Fusion mass spectrometer to render a higher coverage of the exoproteomes. Conditions used were as follows: two columns were utilized to separate tryptic peptides by reverse phase chromatography, an Acclaim PepMap -precolumn cartridge 300 m id × 5 mm 5 m 100Å and an Acclaim PepMap RSLC 75 m × 50 cm 2 m 100Å (Thermo Scientific). The columns were installed on an Ultimate 3000 RSLCnano system (Dionex). Mobile phase buffer A comprised 0.1% v/v aqueous formic acid and mobile phase B comprised 80% v/v acetonitrile containing 0.1% v/v formic acid. Samples were loaded onto the -precolumn equilibrated in 2% v/v aqueous acetonitrile containing 0.1% v/v trifluoroacetic acid for 8 min at 10 L/min after which peptides were eluted onto the analytical column at 250 nL/min by increasing the mobile phase B concentration from 3% B to 35% over 27 min then to 90% B over 5 min, followed by a 4 min wash at 90% B and a 12 min reequilibration at 3% B. Eluting peptides were converted to gas-phase ions by means of electrospray ionization and analyzed on a Thermo Orbitrap Fusion mass spectrometer (Q-OT-qIT, Thermo Scientific). Survey scans of peptide precursors from 350 to 1500 m/z were performed at 120 K resolution (at 200 m/z) with a 4 × 10 5 ion count target. Tandem MS was performed by isolation at 1.6 Th using the quadrupole, HCD fragmentation with normalized collision energy of 35, and rapid scan MS analysis in the ion trap. The MS/MS ion count target was set to 104 and the max injection time was 200 ms. Precursors with charge state 2-4 were selected and sampled for MS/MS. The dynamic exclusion duration was set to 45 s with a 10 ppm tolerance for the selected precursor and its isotopes. Monoisotopic precursor selection was turned on. The instrument was run in top speed mode with 2 s cycles. All experimental co-cultures seen in Table 1 were analyzed with three biological replicates. Hence, a total of 6 and 9 nano-LC-MS/MS runs were analyzed on both mass spectrometers, resulting in 31 038 and 85 410 MS/MS spectra recorded, respectively.
MS/MS database search and abundance analysis
Compiled MS/MS spectra were searched against the annotated coding domain sequences (CDS) of each strain downloaded from the NCBI (date 20/06/2012). The CDS database of the corresponding co-cultured Synechococcus strain and typical contaminants were included during MS/MS searches in order to avoid false attributions. Experiment 1: searches were carried out with Mascot software (Matrix Science, version 2.2.04) using parameters previously established [15] . Mascot results were parsed and peptides were filtered at a p value below 0.05. Experiment 2: tandem mass spectra were extracted and analyzed using Mascot (version 2.4.1). Mascot was set up assuming the digestion enzyme trypsin and allowing two miss cleavages with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 20 ppm. Carbamidomethyl of cysteine was specified as a fixed modification and oxidation of methionine as a variable modification. Scaffold (version 4.3.4, Proteome Software Inc.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Scaffold Local FDR algorithm. Protein identifications with at least two identified peptides were accepted at 95% probability achieving an FDR less than 0.1%. Protein probabilities were assigned by the Protein Prophet algorithm [27] . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Protein quantification by normalized spectral count abundance factor (NSAF) was done as previously described [28] .
Protein sequence in silico analysis
The theoretical exoproteomes of the three Roseobacter strains were obtained from Christie-Oleza et al. [15] . Local BLASTp analyses were done with the BioEdit BLAST tool v.7.0.5.3 [29] Table 1 and 2), respectively. Approximately 40% of the remaining spectra were assigned to the Synechococcus strain present in the co-culture (data not shown) that correlates nicely with the cell ratio obtained at the end of the experiment (Table 1) . Table 2 summarizes the detected R. pomeroyi DSS-3 proteins and their functional category, while more detailed results are shown in Supporting Information Table 3 .
Only a small variation in the R. pomeroyi DSS-3 exoproteome occurred when grown in co-culture with the two different Synechococcus strains (Supporting Information  Table 3 ). A lower number of detected proteins was obtained with strain WH8102, possibly due to the lower production of DOM by this more oligotrophic organism (Christie-Oleza et al. unpublished) [30] . The only clear difference was in the class of "intracellular proteins" that were present in the exoproteome, which is easily explained by the random nature of the proteins leaked from cells.
Active transporters and motility proteins
Active ABC and TRAP transporters represented over 40% of the total abundance of exoproteins in the co-cultures as Information Table 3 ). This is not surprising as Roseobacter strains are known to encode an unusually large number of these kinds of transporters [31] , a fact also consistent with their known abundance in Roseobacter exoproteomes [15, 20] . In the nutrient-poor conditions of the co-cultures R. pomeroyi DSS-3 is likely to accentuate the production of active transporters in order to scavenge different sources of carbon and energy [15] , in this case, the diverse pool of DOM produced by Synechococcus. An increase in flagellar structural proteins was also a feature of the co-cultures (9.9 and 17.4% for WH7803 and WH8102, respectively, Table 2 ), consistent with these potentially starved R. pomeroyi DSS-3 cells searching for new nutrient sources [15] .
Exoenzymes and interaction proteins
The identification of proteins with potential exoenzyme function, or involved in interacting with Synechococcus, were less obvious than previously anticipated as their function was unclear and, hence, poorly annotated. A potential enzymatic function could only be inferred from the presence of various putative structural domains. Figure 1 shows the nine proteins belonging to this functional category that were identified when grown with Synechococcus, as well as their abundance in each experiment, genomic context, conservation in other Roseobacter strains and whether they were detected in previous exoproteome reports. Remarkably, four of them were found in both co-cultures. Three of these proteins contained peptidase domains and the other three had hydrolytic-related functions. Two of the peptidase proteins, YP_165625.1 and YP_167620.1, are RTX-like toxins [32] and were commonly found in previous exoproteomic analyses of R. pomeroyi DSS-3 [15] . The third identified peptidase, YP_165360.1, was detected in the presence of both Synechococcus strains but not in previous reports (Fig. 1) suggesting some level of specificity to the system analyzed here. Interestingly, the two potential polysaccharide hydrolases YP_165722.1 and YP_167436.1 were previously detected in natural seawater experiments (see [15] ), meaning these secreted enzymes are likely to be relevant to natural marine environments. While the pectin hydrolase is highly conserved within the Roseobacter clade, the sialidase-like enzyme is strain-specific (Fig. 1) . YP_167457.1 and YP_165745.1 are two proteins with a potential role in interactions. A conserved domain (pfam07484), named "phage tail collar," found in the latter protein (YP_165745.1), is known to be involved in plantmicrobe interactions [33, 34] . This protein was previously detected in natural seawater experiments but only in those where the water was obtained from a eutrophic marina [15] . Its role in interacting with photosynthetic primary producers and the underlying molecular mechanism are clearly worth further study. [15, 17] ), where cells were pregrown in a similar way and exoproteomes were processed with the same protocol, is indicated as follows: EP, exoproteome analysis in different culture conditions with easily assimilated organic carbon (i.e. marine broth); SW, exoproteomes achieved from incubating R. pomeroyi DSS-3 in natural seawater; CF, cellular fraction proteomic analyses. Superscripts a and b represent proteins detected in two and one of the three replicate samples, respectively, whereas all other proteins were detected in the three biological replicates analyzed.
Gene transfer agents
Remarkably, over 13% of the exoprotein abundance was due to five structural prophage proteins (co-culture with WH7803 strain, Table 2 ). Interestingly, these phage-like structures were previously described as gene transfer agents (GTA) [35, 36] . These GTAs are well characterized in Rhodobacter capsulatus [37] [38] [39] and are particularly highly conserved among the Roseobacter clade [40] (present in 48 of the 57 sequenced genomes). Here, the identification of five different capsid proteins suggests that these GTAs are actively produced and accumulated in the milieu. Furthermore, the major capsid protein YP_167486.1 was also abundantly detected in the coculture with Synechococcus sp. WH8102. Images obtained by transmission electron microscopy show the presence in the culture of particles that resemble GTAs previously identified by Biers et al. (Fig. 2) [35] . Looking retrospectively at previously reported datasets we found the major capsid protein was also detected in the milieu of stationary phase marine broth cultures and all natural seawater incubations [15] . Conversely, they were undetectable in cellular fractions [17] , confirming their exoproteomic nature. Further work needs to be performed in order to elucidate the role of the GTA in this particular synthetic community.
PaxA
Notable in the co-cultures was the complete absence of PaxA (YP_165496.1). This RTX-like toxin represents over 50% of the total exoproteome of R. pomeroyi DSS-3 when grown in optimal laboratory conditions as a stand-alone culture [15, 20] whereas in these experiments it remained undetected. Similarly, SDS-PAGE analysis of the Synechococcus sp WH7803-R. pomeroyi DSS-3 co-culture (Fig. 3A) showed no band of the expected size of PaxA in the exoproteome. We then tested R. pomeroyi DSS-3 in different media to confirm the physiological conditions under which the production of PaxA was repressed and observed that the production of this secreted protein was independent of the presence of a source of carbon and energy or nitrogen (ammonium), but relied instead on the addition of yeast extract (0.005% w/v) as a possible source of vitamins (Fig. 3B) . The reason for adding ammonium was that R. pomeroyi DSS-3 cannot use nitrate as a source of nitrogen [31] . R. pomeroyi DSS-3 is also known to require vitamin supplements for growth, so during the co-culture with Synechococcus these may be supplied by the photoautotroph but at very small doses that would explain the slow growth rate but still high cell yields (over 5 × 10 8 cells m/L) the Roseobacter strain reaches in this kind of synthetic community. Hence, we consider a mutualistic interaction is taking place within our synthetic community at the time point we sampled the exoproteomes. Interestingly, this is not always the case as mutualistic interactions of Roseobacter strains can become antagonistic when grown with different phototrophs [41, 42] . Table 4 ). All detected proteins were grouped by homologous clusters among the three strains and classified by functional categories (Supporting Information Table 5 ) to obtain a comparative analysis between strains. Figure 4 shows the proteomic results per functional category. Figure 4A represents the detected abundance of each category in all three strains.
Different
Exoenzymes and interaction clusters
It is interesting to note that on this occasion we detected 42 potential exoenzyme/interaction protein clusters that represented 6-9% of the Roseobacter exoproteome in terms of abundance (Fig. 4A) . Twelve of the 42 clusters were RTXrelated proteins containing peptidase domains (Supporting Information Table 5 ). PaxA was detected but in low abundance (2.3%; much lower than when grown in rich media, when it represented 50% of the exoproteome [see 15, 20] ), possibly from the remains of cells previously grown in marine broth. Again, most of the listed exoenzymes had no clear and defined function, and were only identified through their catalytic domains. Hence, this list of secreted enzymes points to a general lack of knowledge on the hydrolytic reactions of marine exoproteins.
Extracellular proteins
Proteins classified as extracellular proteins were those involved in motility (flagellar proteins), porins, or peptidoglycan/outer membrane-related proteins. Surprisingly, flagellar proteins were especially abundant in D. shibae DFL-12 following co-culture with Synechococcus sp. WH7803, detecting a total of eight different components of the flagellar structure that represented over 43.5% of the total exoproteome (Fig. 4A) Table 5 ).
Other relevant proteins
Those proteins involved in dealing with oxidative stress are not abundant in the different exoproteomes but have important biological significance. It has been reported that the "helping" effect heterotrophs have in picocyanobacterial cultures is related to scavenging reactive oxygen species [43] . In our exoproteomic survey we detected superoxide dismutase and catalase/peroxidase, both suggested to possess a nonclassical secretion by in silico predictions. The prophage-like GTA was also experimentally detected in all three Roseobacter exoproteomes proving commonality of this mechanism for maintaining genetic exchange in this group of bacteria. When considering the entire dataset of homologous clusters we can conclude that the secreted fraction of the three different Roseobacter strains is similar when grown with the same source of DOM. Hence, when considering only the secreted fraction, over 56% of the exoproteome comprises proteins detected in all three strains and 76% was detected in at least two strains (Fig. 4B) . Nevertheless, this general trend is not observed in the "exoenzyme/interaction" fraction as only 9% of this category is common to the three strains while 38% are shared by two strains (Fig. 4B) . From the 42 homologous clusters of secreted enzymes and interaction proteins, only one was detected in all three strains (a highly conserved secreted nucleotidase) and nine in two strains (Supporting Information Table 5 ). The other 32 detected clusters were specifically detected in only one strain highlighting the uniqueness of each heterotroph in terms of its exoenzyme and interaction repertoire and, ultimately, the potential for niche partitioning due to substrate and interaction specialization. The percentage of protein sequence similarities is also lower in the intracellular fraction but, as previously highlighted, this is expected due to the randomness of leaked proteins.
Concluding remarks
Microorganisms are a crucial component of the majority of Earth's ecosystems so the development of new technical approaches such as next-generation sequencing and highthroughput proteomics makes it entirely feasible to study these microbiomes in unprecedented new detail. Because microbes are never alone in nature, by combining specific individuals in the laboratory we can mimic natural microbiomes and, in so doing, understand real microbial dynamics. Such approaches are likely to become increasingly more popular in the coming years. Here, we used two-microbe model systems in order to study how a relevant marine heterotroph, i.e. Roseobacter, faces a more realistic source of carbon and energy such as that produced or leaked by a marine photosynthetic primary producer, i.e. the relevant picocyanobacteria Synechococcus. In this close to reality situation, the heterotroph produced an interesting repertoire of secreted proteins, either for interaction purposes or for hydrolyzing large biopolymers for subsequent remineralization and assimilation. Furthermore, while these secreted proteins, such as those involved in active transport, had similar patterns in the different Roseobacter strains, those involved in interaction or exocatalytic functions showed a much higher variability between strains. Hence, it is probable that this strain-specific repertoire allows closely related microorganisms to target slightly different substrates that coexist in natural environments, which is likely an important facet of the niche partitioning process. Certainly, the fact that the majority of the enzymes we identified had no characterized function, suggests the strategy we present here will be an important stepping stone for flagging ecologically relevant biopolymer-hydrolyzing exoenzymes that require further biochemical analysis.
